Abstract Environmental pollution is one of the most serious causes of degradation of Mediterranean wetlands. Mercury (Hg) and cadmium (Cd) are of particular concern due to biomagnification. Here, we used red swamp crayfish (Procambarus clarkii) to monitor the spatial and temporal patterns of these two metals in a Portuguese rice field system. We sampled the crayfish in three different sites and three different time periods in the Sado River Basin (Portugal). We measured temperature, pH, total dissolved solids and conductivity in the water. Hg and Cd were measured in the crayfish abdominal muscle tissue and exoskeleton. In muscle, a spatial pattern was found for the accumulation of Cd while for Hg, only a temporal pattern emerged. The spatial pattern for Cd seemed to reflect the mining history of the sites, whereas the temporal pattern for Hg seemed related to the flooding of rice fields. We suggest that this flooding process increases Hg bioavailability.
Introduction
Metals are one of the major concerns worldwide, being released into aquatic environments from natural and anthropogenic sources. Mercury (Hg) is a persistent contaminant which can affect neurological functions in both human (Clarkson and Magos, 2006) and wildlife species (Mason et al. 2000) . In water and sediments, inorganic Hg can be converted by bacteria into methylmercury, much more toxic than inorganic Hg (Mason et al. 2000) .
Cadmium (Cd) at high levels of exposure has been associated to itai-itai disease (Mochizuki et al. 2002) . This metal is known to accumulate more quickly in soils and sediments than in the biota (Burger 2008 ) and abiotic parameters such as temperature and pH seem to affect bioaccumulation rates of these two metals. Low pH, low salinity and the presence of decomposable matter in reducing environments appear to enhance production of methylmercury which is more efficiently bioaccumulated. These factors can also influence the effects of Cd in the biota as increasing pH seems to increase the susceptibility of invertebrate to Cd toxicity (Bervoets and Blust 2000) .
According to the ecosystem services provision, as assessed by Millennium Ecosystem Assessment (Pereira et al. 2004) , Portuguese inland waters are the system in the poorest conditions among all aquatic systems. The main cause suggested for the degradation of water quality is heavy pollution by farming, domestic and industrial activities (Antunes et al. 2012; Gonzalez et al. 2009; Pereira et al. 2004 ). In 2007, 35.8 % of the surface water monitored was classified as having "bad" or "very bad" quality and 37.9 % as "reasonable" (SNIRH 2008) . Rice fields are particular types of wetlands characterised by high dynamism due to human management, as water levels change drastically leading to quick physical and chemical alterations. These areas are considered very important for bird species as they substitute for natural wetlands (Lourenço and Priesma 2008) . There is an urgent need for the assessment of water quality in wetlands.
Recently, Kouba et al. (2010) proposed crayfishes as ideal biomonitors of heavy metals since they meet several criteria that make them useful as models for the assessment of metal accumulation of water/sediments.
In the Sado Basin, the distribution and abundance of Procambarus clarkii is well documented from studies (Cruz et al. 2006) . Previous studies point towards higher Hg contamination of the Sado River near urban areas, and near the industrial complex in Setubal (Caeiro et al. 2009; Lillebo et al. 2011 ). More inland waters have higher levels of Cd due to mine proximity (Monteiro et al. 1995) . In this work, we assess the potential of P. clarkii as a biomonitor to quantify metal contamination in rice field wetland within the Sado River Basin.
To accomplish this, Hg and Cd concentrations were determined in abdominal muscle tissue and in exoskeleton of P. clarkii individuals collected in distinct time periods and independent rice fields along the Sado River Basin, Portugal.
Materials and Methods

Study Area
Individuals of P. clarkii were collected in February, April, May and June 2009 in three independent rice fields along the Sado Basin, Setúbal, Portugal (Fig. 1) . Sampling took place in Murta (site 1, 29 S 0524980 E 4252050 N), Barrosinha (site 2, 29 S 445011 E 4243727 N) and Nogueira (site 3, 29 S 0558214 E 4223124 N). Site 1 and site 2 are located near the Sado River while site 3 includes the Grândola and Odivelas Stream, tributaries of the Sado River (Fig. 1) .
The main sources of contamination to the Sado River include the many industries existing mainly in the northern margin of the estuary, the urban areas of Setúbal, Alcácer do Sal and Comporta (Lillebo et al. 2011) . Inland, main sources of contamination include old mine sites, namely, Canal Caveira and Lousal. Other activities in the Sado Estuary comprise intensive farming, mainly rice fields, the traditional salt-pans and increasingly fish farms (Freitas et al. 2008) .
The climate is Mediterranean with annual average temperature and precipitation in 2009 varying between 16 and 17.5°C and 600 and 1000 mm, respectively.
Sampling sites were agricultural wetlands for rice production that lie along a saline gradient. Site 1 is located closest to the estuary while site 3 has the most inland location. The study sites are managed for rice culture, i.e. flooding in April/May, prior to rice plantation, and drainage in September/October, before rice harvesting. In Portuguese rice cultures, harvesting usually occurs in September and October. Most of these fields are then left unmanaged throughout the winters, changing water levels according to rainfall; however, there are cases where these fields are drained. Usually, from December onwards, ploughing occurs in preparation for the next sowing season which occurs around April (Lourenço and Priesma 2008) .
In 2009, flooding of sites 1 and 3 rice field paddies took place in April while site 2 was flooded in May. A saline gradient exists due to the Sado Estuary. This gradient may influence groundwater resources, especially considering the known effects of salinity in metal availability (Dutton and Fisher 2011) .
Sampling Design
Sampling was designed to assess the effects of two factors on the accumulation of Cd and Hg in crayfish:
(1) different types of land use, i.e. rice capture and mining, and (2) the flooding of rice fields.
We sampled sites that varied in land use during months in which crayfish abundance was highest and flooding of rice fields occurs: February, April, May and June of 2009. Sites were sampled three times at one to two-month intervals.
Crayfish were collected using funnel traps (4-cmdiameter entrance) baited with commercial cat food with chicken content. Nine traps were placed at each site. Traps were placed in batteries of three traps placed within a minimum distance of 1 km between each battery. In each battery, traps were distanced at least 50 m apart. Traps were placed mainly in irrigation channels that were less disturbed by agricultural practices.
Trapping effort was about 12 h. After collection, samples were placed in separate tagged and unused plastic bags and stored in a freezer at −20°C. While retrieving captured individuals from the traps, pH, temperature (°C), conductivity (μS/cm) and total dissolved solids (TDS) (mg/l) were measured in water and recorded using a CyberScan PC 300 multi-parameter water analyzer (Eutech Instruments).
Analytical Procedures
Sample Preparation
Only adult crayfish individuals were processed analytically. After storing, the crayfish samples were allowed to defrost during the night at room temperature but samples were processed during the semi-frozen state. Each individual was dried using absorbent paper, and gender, total weight, total size, cephalothorax size and tail size were recorded. Weight was measured to the nearest 0.1 mg while length was measured to the nearest 0.1 mm. For dissection, plastic and Teflon container tools were used.
Abdominal muscle and exoskeleton were analysed separately to evaluate differences in heavy metal accumulation. All muscle tissues were immediately processed after dissection and exoskeleton was stored at −20°C in Petri dishes. Only tail exoskeleton was used for analysis.
All materials used were washed with diluted nitric acid (Merck Suprapur®) and ultra-pure deionised water obtained from a Milli-Q analytical-reagent grade water purification system (Millipore Ellix with Milli-Q Element). Polyethylene material and micropipettes with plastic tips were used. Reagents were of analytical grade (Merck, Darmstadt, Germany) and acids used in Water Air Soil Pollut (2014 ) 225:2210 Page 3 of 9, 2210
Fig. 1 Location of sampling sites and nearest towns within the Sado Basin in the southeast of Portugal digestion were Suprapur grade. Cadmium and mercury calibration standards were prepared through successive dilution using certified ICP standards (1000 mg/l) from Merck. Moisture content of samples was determined gravimetrically at a constant weight using separate aliquots dried at 105°C (Mouro et al. 2009 ). Mercury and Cd concentrations were reported on dry weight basis (DWB).
Mercury and Cd Analysis
Muscle tissue samples of about 2 g (wet weight) were digested with 3 ml of HNO 3 , 1 ml of H 2 O 2 and 5 ml of H 2 O in a high-pressure microwave digestion system (Milestone ETHOS Plus Microwave Labstation (Milestone, Sorisole, Italy)) using Teflon vessels ). After complete digestion, samples were made up to a final volume of 50 ml using water and stored in polyethylene flasks. Ground exoskeleton (~0.5 g) was mixed with 10 ml of the HNO 3 , HClO 4 and HF (1+1+2) acid mixture on a Teflon beaker with lid. The resulting solution was heated for 15 min followed by evaporation until dry. The procedure was repeated adding to the residue 5 ml of hot Milli-Q water, 5 ml of HNO 3 and 2.5 ml of HClO 4 . After that, 2.5 ml of hot Milli-Q water and 2.5 ml of HNO 3 were added and the resulting solution was then transferred to a polyethylene flask completing a final volume of 25 ml with deionised H 2 O. This procedure was only used for Cd analysis as Hg quantification was direct. Mercury quantification was performed by cold vapour atomic fluorescence spectrometry (CV-AFS) using a MERCUR spectrometer (Analytik Jena AG, Jena, Germany) and following the operational conditions described in ISO 17852:2006. Cadmium was determined by electrothermal atomic absorption spectrometry (ETAAS) using a SOLAAR M series Thermo Electron equipped with a Zeeman furnace head, an auto-sampler FS 95 (Thermo Electron Corporation, Cambridge, UK) and pyritic graphite tubes (Thermo Scientific, Germany) under instrumental conditions described in Trancoso et al. (2009) .
Total Hg in the exoskeleton was measured directly using a direct mercury analyser (DMA) (Milestone, Middletown, CT, USA) that combines pyrolysis of each sample in a combustion tube under oxygen-rich atmosphere and collection on a gold amalgamator followed by atomic absorption spectrophotometry.
Cadmium was determined using ETAAS as described in "Section 2.3.2" after sample treatment with an acid mixture of HNO 3 +HClO 4 +HF using a previously described methodology (Alves et al. 2009 ).
Percent recovery was determined through the analysis of nine samples of certified reference materials mussel tissues ERM CE 278 and SO12 purchased from the European Institute for Reference Materials and Measurements (ERM percent recovery of the ERM CE278 and SO12 were 0.985±0.00353 and 1.008673 ±0.0017, respectively, for the DMA). For atomic fluorescence spectrophotometry, percent recovery for ERM CE 278 was 0.974±0.026473. Percent recovery for ETAAS using ERM CE278 was 0.981 ± 0.0186. Whenever possible, all samples were analysed in duplicate. Mean differences of the duplicate sets for Hg and Cd analysis were 0.014101 ± 0.0125 and 0.1662 ± 0.1474, respectively. Due to the lack of normality and homoscedasticity, data was log transformed and analysis of variance (ANOVA) was used to assess spatial and temporal patterns followed by Dunnett's T test as a post hoc test (Zar, 1996) . When normality was not achieved by transformation, Kruskal-Wallis was used. Spearman's correlation was used to test correlation between burdens in abdominal muscle tissue and exoskeleton of each individual analysed and between levels in abdominal tissue of each individual and the physicochemical parameters recorded in each site. Calculations were made with the SPSS 17.0 software package using the 5 % threshold for significance.
Results
Spatio-temporal Patterns of P. clarkii Heavy Metal Contamination
Mercury Analysis
Hg levels detected in tail muscle tissue did not significantly differ between sites (one-way ANOVA, F 2,32 = 0.0743, p=0.929) despite the higher levels quantified in samples collected in site 3 regarding period 2 (Fig. 2) ; however, significant temporal differences emerged for Hg (one-way ANOVA, F 2,32 =4.076=6.250, p=0.026) with higher levels in period 2 (Fig. 2) .
Hg levels quantified in the exoskeleton (0.044± 0.030 mg/kg) were very low compared to Hg levels in muscle tissue (0.269±0.256 mg/kg), and no significant correlation was found among the levels in both tissues (r s =−0.231; p=0.448).
Cadmium Analysis
For Cd, the levels measured in the abdominal muscle were also higher in site 3 (Figs. 3 and 4) but the variability was significantly different (one-way ANOVA, F 2,36 =31,868, p<0.001) suggesting a spatial effect associated to Cd contamination while no significant differences were observed in Cd concentration over time (one-way ANOVA, F 2,34 =0.0305, p=0.970).
Correlation between the Cd levels in both tissues was very significant (r s =0.976, p<0.0001), and concentration burdens in the muscle tissue (0.168±0.436 mg/kg) were very close to those detected in exoskeleton (0.179 ±0.329 mg/kg) having a muscle/exoskeleton ratio of approximately 1.08.
Crayfish Size Effects in Heavy Metal Bioaccumulation
Biometric measurements of crayfish were not significantly correlated with heavy metal burdens detected for both metals (Table 1) . Additionally, it was evaluated that 
Water Physicochemistry and Crayfish Contamination Burdens of Heavy Metals
The values of conductivity, total dissolved solids (TDS) and pH measured in rice field water were correlated against time and space changes. No time effect was observed during the sampling period but a spatial difference was found, with site 3 showing higher conductivity and higher TDS when compared to the other two sites ( Table 2) . The Hg contamination burdens detected in crayfish do not show any relation with any of the environmental parameters, while Cd burdens seem to be correlated with TDS and conductivity as shown in Table 3 .
Discussion
The observed changes in the Hg levels seem to be associated with the seasonal flooding of rice paddies necessary for rice production, since we observed higher Hg concentration after the flooding of rice fields. We suggest that this seasonal flooding influences the Hg biogeochemical cycle leading to its higher availability to the biota. The Hg bioavailability is dependent on the level of the methylmercury fraction that exists in the environment, as this chemical form accumulates in the biota. Production of methylmercury is attributed to sulphate-reducing bacteria in anoxic conditions (Parks et al. 2013) . Flooding of the rice field paddies may have led to the establishment of a lentic habitat with low oxygenation, creating the optimum conditions for the proliferation of sulphate-reducing bacteria that through methylation of Hg lead to higher Hg bioavailability in the system. This suggestion is supported by the fact that the highest concentrations of Hg are reached in the most anoxic parts of the sediment (e.g.
Eggleton and Thomas 2004).
Additionally, the soil mobilisation that occurs in rice fields before flooding may be crucial for promoting Hg peaks as it may lead to the availability of methylmercury that was not previously available as it may increase the mobilisation of Hg from deeper sediments. Rothenberg and Feng (2012) also described Hg concentration peaks in rice paddies after flooding. The burrowing of crayfish may cause turbidity in the water (Correia and Ferreira, 1995) leading to an even more anoxic environment. Also, the removal of plant material by crayfish might also reduce the oxygen production. However, burrowing may also increase paddy soil oxygenation which, in turn, may increase cycling and bioavailability of sulphur and iron, promoting methylation (Rothenberg and Feng 2012) . Thus, crayfish might enhance the conditions for sulphate-reducing bacteria to grow leading to additional Hg bioavailability. Our data suggest that these factors may lead to higher Hg bioavailability which is reflected in higher Hg levels in the tail muscle tissue; however, we also found that levels dropped in the next sample collection. This may indicate that crayfish may be capable of Hg elimination as described in Wright et al. (1991) .
Crayfish Cd burdens suggest a point-source contamination at site 3. This site is located near an old mine site, Canal Caveira Mine, Grândola, Alentejo (direct observation, Matos and Martins 2006; Monteiro et al. 1995) . This site is within the Iberian Pyrite belt, a volcanosedimentary complex (the Lousal Complex), that includes the old Canal Caveira pyrite mine that is known to have bioavailable metals in the soil (Da Silva et al. 2005) . Abiotic parameters recorded seem to be correlated with the Cd levels detected in this study, and both TDS and conductivity increased with Cd burdens. Cd solubility is known to increase with salinity due to Cd complexation with chloride thereby enhancing the mobility in soils and uptake in biota (López-Chuken et al. 2012) .
Therefore, we suggest that the higher chloride in solution may have led to higher concentration of Cd adsorption and consequent uptake by the biota (McLean and Bledsoe 1992) . Although, what is stated is just a hypothesis as no definitive conclusion is possible regarding this matter being levels detected probably and influence of both factors mentioned.
As Hg is known to accumulate in proteins due to its binding to the sulphur-containing amino acid cysteine (Lemes and Wang 2009 ), it will highly accumulate in muscle tissue which has a high protein content. In contrast, exoskeleton has a low protein content and high mineral matter (Huner et al. 1990 ) possessing lower Hg affinity. This results in the tendency of muscle tissue to present greater Hg concentrations than the exoskeleton. Cadmium levels in the exoskeleton resembled those found in muscle tissue. This event was already reported by Hothem et al. (2007) stating that no significant differences were found between the burdens detected in the abdominal muscle and the carcass. Also, it is advisable to take caution when analysing the exoskeleton as it is a dynamic structure being subject to moulting cycles driven by environmental conditions. Elimination and cycling of metals may occur during this process and so burdens of Cd may be different according to its life cycle.
This species is therefore a useful biomonitor species as it can readily accumulate metals and is highly resistant to environmental metal contamination (Kouba et al. 2010) . Although their populations are abundant and widespread, individuals represent site-specific conditions due to lack of dispersal mechanisms (Geiger et al. 2005) . Despite already being used in studies concerning metal contamination (Alcorlo et al. 2006; Martin-Diáz et al. 2006 or Suárez-Serrano et al. 2010 by acid mine drainages enriched in heavy metals, the temporal sensitivity of the biomonitor was not fully evaluated and this is important to understand the level of time integration that this biomonitoring system delivers. Additionally, there is no information whether this species is also adequate as a biomonitor for background/ natural situations where the level of heavy metals is much lower. For biomonitoring using the red swamp crayfish, it seems that the tail muscle is the best tissue for assessment of environmental pollution because it is the most consumed part of this organism (by both human and wildlife predators) and metal contamination is concentrated in this tissue. As no significant effect of body size in metal burdens emerged, any size class of individuals can be used as a representative sample of the population. Although potentially useful as a biomonitor, this species' abundance varies according to water level. This limits the use of this species. Use of crayfish may also be limited in biomonitoring large reservoirs, where depth and high slopes do not favour a high abundance of crayfish.
Some of the metal burdens were above the European Union Water Framework Directive (EU-WFD) reference value (>0.50 mg/kg) indicating a potential risk for human and wildlife through biomagnification. Due to a recent increase in the distribution and abundance of P. clarkii (Tablado et al. 2010) , this species has become a highly important food source for mammalian carnivores and ciconiform bird species in rice fields (Correia 2001) . Consequently, crayfish is a major vector of contamination, transmitting heavy metals and possibly other contaminants (such as organic toxic compounds) to higher trophic levels through biomagnification processes. This highlights the urgency of developing additional studies that quantify the extent of predator species contamination through crayfish consumption.
Conclusions
This study showed the usefulness of crayfish as a biomonitor for rice field wetlands due to its life cycle characteristics, high abundance and no effects of size and sex of the individuals on metal burdens. Tail muscle tissue showed to be the most reliable tissue for quantification of the two metals studied. This study also showed that management of these wetlands plays an important role in availability of heavy metals, specially Hg which showed a temporal pattern related to flooding which should be taken into account in future studies as timing in sample collection may be detrimental for a proper risk assessment.
